INTRODUCTION
Human pluripotent stem cells (PSCs) can become any cell type found in the body, making them a powerful tool for engineering tissues. Additionally, PSCs, including embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), continuously self-renew, enabling the generation of large quantities of cells for transplantation [1, 2] . Human iPSCs are generated from somatic cells, such as fibroblasts, which are reprogrammed by introducing transcription factors that cause the cells to function like ESCs. One advantage of using human iPSCs instead of human ESCs is that such cell lines could be generated from patients, reducing the probability of immune rejection. The use of iPSCs also avoids the ethical issues associated with using embryos to derive human ESC lines [3, 4] .
Many studies have differentiated human iPSCs into neural phenotypes for a variety of applications [5] [6] [7] [8] [9] [10] [11] [12] . The Li group showed that transplanted neural crest cells derived from human iPSCs promoted accelerated regeneration of the sciatic nerve in a rat injury model [13] . They also observed no tumor formation for a 1 year after transplantation of these cells. Neurospheres derived from human iPSCs have been transplanted into the spinal cord injury of mice models where they differentiated into three major neural lineages, neurons, astrocytes, and oligodendrocytes and promoted a significant increase in functional recovery compared to control animals [8] . Another study differentiated human iPSCs into neural crest cells in vitro and then transplanted these cells into a fetal lamb model of spinal cord injury [14] . These cells survived and differentiated into neurons after transplantation with no tumor formation observed. These studies demonstrate the potential of using human iPSC-derived neural cells for treating different types of injuries to the nervous system. One of the major challenges when using human iPSCs for tissue engineering applications is how to control the differentiation process to produce three dimensional structures similar to those found in healthy tissue. Stem cell behavior can be significantly modulated by mechanical and topographical physical cues [15] [16] [17] [18] . This area remains relatively understudied compared to the wide body of literature describing the use of chemical cues for promoting stem cell culture and differentiation. For example, the differentiation rate of human ESCs seeded on salt leaching fabricated porous scaffolds increased with scaffold stiffness [19] . The biophysical microenvironment also influences the rate of reprogramming of somatic cells into iPSCs [18] .
Scaffold topography can also control the differentiation of PSCs into specific phenotypes [16, 20, 21] . For instance, the topography of nano/microstructured scaffolds influences the differentiation of human iPSCs into neuronal lineages [16] . Using silicon grating structures with different widths, they found that nanoscale structures induced an up regulation in the expression of neuronal markers in human iPSCs compared to microscale structures, indicating the influence of nano topography on the induction of neuronal lineage.
Electrospun fibers have been evaluated for different neural tissue engineering applications as they can present both chemical and physical cues [22] [23] [24] [25] [26] [27] [28] . Xie et al. showed aligned nanofibers reduce the fraction of cells that differentiated into astrocytes, which are undesirable when treating spinal cord injury [20] . The same study reported that mouse ESC-derived neurons seeded on the aligned fibers showed longer neurite outgrowth compared to the same cells seeded on the randomly-oriented nanofibers. Other researchers have shown that seeding human ESCderived neural cells onto aligned nanofibers enhanced neuronal differentiation compared to randomly orientated nanofibers [26] . Additionally, small molecules and growth factors can be encapsulated inside of such nanofiber scaffolds [24, [27] [28] [29] . For instance, Madduri et al. used electrospun nanofibers to encapsulate glial cell line-derived neurotrophic factor (GDNF) and nerve growth factor (NGF) with varied topographies to develop multifunctional scaffolds for peripheral nerve regeneration [24] . In another study, retinoic acid (RA) releasing nanofibers enhanced the differentiation of mesenchymal stem cells into neural lineages [27] . In our previous study, controlled release of RA from PCL nanofibers was provided over one month and such scaffolds were able to promote the neuronal differentiation of mouse iPSCs [28] . Overall, studies on electrospun fibers continue to play a key role in the neural tissue engineering and controlled release of neural drugs for the development of on-going strategies for clinical applications.
These aforementioned studies all used solution electrospinning to fabricate such scaffolds.
However, melt electrospinning provides a better way to control the topography of fibrous scaffolds [6, [30] [31] [32] [33] . The process of melt electrospinning involves melting a polymer to generate flow for producing fibers with a high degree of reproducibility compared to the more commonly used solution electrospinning. Melt electrospinning does not require a solvent whereas most solvents used in solution electrospinning are cytotoxic, providing an additional key advantage.
This technique serves as a powerful tool for fabricating cell invasive scaffolds with varied architecture for tissue engineering applications [33, 34] . The successful attachment and cell viability of fibroblast cells seeded on PCL melt electrospun scaffolds has been reported [34] .
Also, our group recently reported that melt electrospun PCL scaffolds could support the neuronal differentiation of murine ESCs [33] . The topography of scaffolds can be custom tailored by the tuning of parameters such as flow rate, applied voltage, nozzle size and spinning temperature [29, 30, 33, 35] .
In order to successfully translate PSC-based engineered tissues for clinical applications, the culture and differentiation methods should be reproducible and avoid the use of animal products as they can induce immune responses post transplantation [36] [37] [38] . For this study, we cultured our human iPSCs in completely defined conditions to maintain their levels of pluripotency [36, 38] . These undifferentiated iPSCs were seeded into microwells in the presence of chemically defined neural induction media to form neural aggregates with uniform diameters, increasing the reproducibility of this process compared to tradition methods for forming embryoid bodies [37] .
Thus, both our iPSC-derived neural progenitors and our fibrous scaffolds would be suitable for further translation in terms of pre-clinical and clinical studies.
In this work, we investigated how the topography of PCL melt electrospun scaffolds, including loop mesh and biaxial aligned topographies, influenced the differentiation of these human iPSC-derived neural aggregates into neurons and the resulting neurite outgrowth. Due to its low melting point (~60 o C), PCL can be easily electrospun into varied topographies [32, 33] .
It is also a biocompatible polymer that can serve as a scaffold for stem cell culture [20, 28, 33] .
We have chosen to focus on generating neurons due to their therapeutic potential for the treatment of spinal cord injuries [39] . We studied the effects of fiber diameter on neuronal differentiation of human iPSCs using two different fiber diameters in the loop mesh scaffolds.
Additionally, we also successfully engineered scaffolds consisting of biaxial aligned microfibers, for further investigating the effect of physical cues on the neuronal differentiation of human iPSCs. These scaffolds were also functionalized with RA-releasing nanofibers as well to determine if the nanofibers also had an influence on the resulting stem cell behavior. This combination of encapsulated nanofibers with biaxial aligned PCL scaffolds also supported the differentiation of human iPSCs. Our combination of human iPSC-derived neural progenitors and these novel tissue-engineered scaffolds could serve as a new strategy for neural tissue engineering applications. 
MATERIALS AND METHODS

Melt and solution electrospinning setup
Poly (ε-caprolactone) (PCL, average M n ~ 45,000) and retinoic acid (RA) (all-trans, ≥98%
HPLC, powder) were acquired from Sigma-Aldrich Corporation (St. Louis, MO, USA).
Dichloromethane (DCM) (reagent/ACS grade) and methanol were purchased from VWR International (Edmonton, AB, Canada). The melt and solution electrospinning setups used for the fabrication of microfibers and encapsulated nanofibers were previously reported [28, 33] .
Scaffolds with loop mesh morphology were fabricated by melt electrospinning using 200 µm and 500 µm nozzle sizes and hencefore shall be referred to as loop mesh 200 and loop mesh 500
respectively. We had showed previously that fiber diameter increased with the nozzle diameter, enabling fabrication of scaffolds with different fiber diameters [33] . Biaxial aligned scaffolds were fabricated using a 200 µm nozzle for fiber extrusion. Bimodal scaffolds were fabricated by using solution electrospinning to overlay nanofibers containing RA over the biaxial aligned microfibers. The details of electrospinning parameters for each topography are given in Table 1 .
The composition of our 0.2 % (w/v) PCL-RA solution was previously reported [28] .
Micro and nanostructure characterization
Characterization of topography was performed using a cold emission Hitachi S-4800 FE scanning electron microscopy (SEM) machine to image all scaffolds at low and high magnification. The details of SEM protocol were reported [28, 33] . For each scaffold, three distinct images were captured at 30x magnification with 50 fibers measured to determine the average fiber diameter of each scaffold. For nanofiber characterization, images were captured at 10,000x magnification. 
Human iPSCs culture and formation of neural aggregates
All reagents were purchased from STEMCELL Technologies TM unless otherwise specified.
Human iPSCs (the 1-MCB-01 line) generated from human foreskin cells were received from the WiCell Research Institute [3] . Human iPSCs were cultured at 37˚C and 5% CO 2 on Vitronectin XF™ coated surfaces [36] . To maintain pluripotency, cells were cultured in the presence of TeSR™-E8™ media in 6 well plates [38] . Undifferentiated human iPSCs were dissociated into a single cell solution using Gentle Cell Dissociation Reagent (STEMCELL Technologies TM ), which was then distributed into a single well of an Aggrewell™ 800 plate in the presence of 2 mL of STEMdiff™ Neural Induction Medium (NIM, STEMCELL Technologies) (STEMCELL Technologies TM ) [37] . These plates enable formation of consistent, neural aggregates containing 4000-5000 cells. 1.5 mL of media was replaced with fresh NIM daily.
Neural progenitor cell seeding onto scaffolds
After 5 days, the aggregates containing neural progenitor cells were seeded onto the scaffolds. Approximately 4 neural aggregates were seeded into each well of the 6-well plates containing loop mesh or biaxial aligned or bimodal scaffolds. 1 mL of NIM was added to each well and the cultures and scaffolds were incubated at 5% CO 2 and 37 ºC for 12 days.
Cell viability and immunohistochemistry analysis
The viability of human neural aggregates seeded on the PCL scaffolds was analyzed qualitatively after 12 days by using a LIVE/DEAD® Viability/Cytotoxicity Kit (Invitrogen). The details of our protocol have been previously published [20, 33, 40] . Briefly, 12-day-old neural aggregates grown on the scaffolds were treated with calcein AM, which is enzymatically converted to green fluorescing calcein by the naturally present intracellular esterase activity in live cells. They were also treated with a stain for cytotoxicy, ethidium homodimer-1, which We qualitatively assessed the differentiation of human iPSCs using immunocytochemistry to detect the neuron-specific protein β-III-tubulin as previously reported [20, 33, 40] . Briefly, differentiated cells were fixed with a 10% formalin solution (Sigma-Aldrich, St. Louis, MO, USA) for 1 hour at room temperature and then permeabilized with 0.1% Triton-X solution (Sigma-Aldrich, St. Louis, MO, USA). Wells then were blocked with 5% normal goat serum (NGS, Millipore) at 2 -8 ˚C for 2 hours. The primary antibody for β-III-tubulin (Millipore, 1:500 dilution) was added to each well. Three washes with PBS were performed and the Alexafluor488-conjugated secondary antibody was added and incubated for 4 hours. After an additional set of washes, images were captured at 515 nm for green fluorescence.
Quantitative analysis of neurite extension and cell-body cluster area
An IncuCyte® ZOOM Essen BioScience® fluorescent microscope was used to analyze fluorescent images of Tuj-1 stained neural progenitors seeded on all sets of scaffolds at 20X 
Real time quantitative polymerase chain reaction (qPCR) analysis
For each set of scaffolds, total RNA was extracted from cultures using an RNeasy kit 
Statistical analysis
Data are presented as mean values ± standard deviation of the mean except where previously stated. Statistical analysis was performed using STATISTICA 9 by applying a standard t-test to compare data between groups. Significance was considered at the p < 0.05 level.
RESULTS
Topographical characterization of scaffolds
We fabricated loop mesh 200, loop mesh 500, biaxial aligned scaffolds and bimodal scaffolds using melt and solution electrospinning. As mentioned in the methods, the 200 and 500
refer to the diameter of the nozzles in µm used to fabricate each set of scaffolds. The loop mesh 200 scaffolds had an average fiber diameter of 43.7 ± 3.9 µm. Loop mesh 500 scaffolds had an average fiber diameter of 85 ± 4 µm (n=50). Low and high magnification SEM images of both sets of loop mesh scaffolds are shown in Figures 1A, 1B , 1C and 1D. Loop mesh scaffolds have a controllable porosity and fiber diameter, and were previously shown to be capable of supporting mouse ESC differentiation into neurons [33] . Figures 1E and 1F show the topography of the biaxial aligned electrospun PCL microfibers fabricated by using 200µm nozzle tip diameter. Highly aligned and stretched microfibers can be fabricated if the speed is set to be faster than the depositing viscous jet. The biaxial aligned scaffold consisted of 20 layers of evenly spaced and fully aligned microfibers. For biaxial aligned scaffolds, the average fiber diameter was measured as 42.3 ± 2.78 µm (n=50). From these measurements, the average separation distance, the distance between two individual fibers, for each scaffold was calculated (Table 2) . Fabrication of biaxial aligned scaffolds with different diameters was not possible as the microfibers did not attach to each other when the fiber diameter increased. Figure 1G shows 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 12 the topography of our novel bimodal scaffolds. Our previous study showed that successful encapsulation of RA inside PCL nanofibers led to month long controlled release of RA [28] .
Since biaxial aligned PCL microfibers are porous in nature, RA-encapsulated PCL nanofibers were spun on such structures to increase the efficiency of cell adhesion by increasing the surface area for migrating cells, allowing them to adhere to the surface of fibers in such scaffolds. Figure   1H shows the topography of well-aligned RA-encapsulated PCL nanofibers that have been stretched and parallelized by being spun between biaxial aligned PCL microfibers. The average fiber diameter for RA encapsulated PCL nanofibers was measured as 344.9 ± 33.6 nm (n=100).
The effect of loop mesh topography on the behavior of human iPSC-derived neural progenitors
Neural aggregates containing human iPSC-derived neural progenitor cells were cultured on both sets of loop mesh scaffolds for 12 days. Figure 2A 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 13 derived neural aggregates did not respond strongly to loop mesh 500 scaffolds. In contrast, human iPSC-derived neural progenitor seeded on loop mesh 200 scaffolds were oriented and elongated along fibers ( Figure 2D ). These results suggest that the loop mesh 200 scaffolds served as a better substrate for human iPSC-derived neural progenitors than the loop mesh 500 scaffolds.
Biaxial aligned and bimodal scaffolds
Both biaxial aligned and bimodal scaffolds were able to support the culture and differentiation of human iPSC-derived neurons (Figure 3 and 4) . The live/dead images demonstrate that biaxial aligned scaffold topographies are viable substrates for human iPSCs because the majority of the seeded cells fluoresced green ( Figure 3B ). Figure 3D shows that scaffold topography serves to direct neurite extension as seen by the large number of cells staining positive for the neuronal marker Tuj1 that have migrated along the microscale structures. The neurons extend along the fibers of biaxial aligned scaffolds and there appears to be regions of dense cell growth, which shows the areas that have the most extracellular support.
As can be seen ( Figure 3D ), neural progenitors of human iPSCs were elongated along the axis of microstructured PCL biaxial aligned scaffolds. This cell behaviour was totally dependent on topography as the neurite outgrowth correlated with fiber direction. Figures 4A and 4B show that the cells had properly attached to the bimodal scaffolds. The interactions between cells into bimodal scaffolds can be seen in Figure 4C and 4D. Figure 4C and 4D show the neuronal differentiation of single neural progenitors seeded on our scaffolds. Figure 4E and 4F show the interactions of two human iPSC-derived neural progenitors. For these scaffolds, the neurites extend in all directions, possibly due to the presence of the nanofibers. Figure 5B , the neural progenitors cultured on loop mesh 200 scaffolds exhibited a higher cluster area compared to those seeded on loop mesh 500 scaffolds, but no significant difference was observed in terms of maximum neurite extension ( Figure 5C ). The cell body cluster area of neural progenitors cultured on biaxial aligned samples was larger than that of neural progenitors seeded on bimodal scaffolds. The maximum neurite length for neural progenitors seeded on biaxial aligned scaffolds was also longer (~ 280 %) compared to the cells seeded on the other scaffold types, showing that the biaxial aligned scaffolds enhanced the neurite outgrowth of neural progenitors compared to other scaffolds. Significantly, such scaffolds also showed the maximum cell body cluster area and the maximum neurite length compared to other type scaffolds. Overall, these results suggest that biaxial aligned scaffolds would serve as the best substrate for promoting spreading and guidance of differentiated cells.
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DISCUSSION
The major advantage of melt electrospun scaffolds for tissue engineering applications is the level of control and reproducibility that can be achieved in terms of fiber diameter and topography. Melt electrospinning can be used as a powerful fabrication technique to construct various structures while controlling their topography with an excellent degree of repeatability [28, 30, 31, [33] [34] [35] . We have previously used melt electrospinning to fabricate loop mesh scaffolds µm) and to control the alignment of scaffolds while converting the topography from loop mesh to highly aligned biaxial scaffolds. In addition to the loop mesh scaffolds, we also successfully designed and tested the biaxial aligned scaffold topography in order to report its promising ability to provide physical cues for the differentiation of pluripotent stem cells.
Although using melt electrospinning for drug delivery applications has been reported [42] , it is not commonly used to produce controlled release of drugs from fibrous scaffolds unlike solution electrospinning. Therefore, many groups are still using solution electrospinning to encapsulate bioactive agents into nanofibers for neural tissue engineering applications [27] [28] [29] .
Here, we combined the advantages of both techniques, by using the control over topographical features offered by melt electrospun microfibers and the encapsulation of drugs and controlled release offered by solution electrospun nanofibers.
PSCs have previously been shown to respond to various physical cues [16, 20, 26, 28] . In this work, we studied how human iPSCs seeded onto electrospun scaffolds would respond to changes in micro and nanotoporaphy features. Here, on loop mesh 200 scaffolds (43.7 ± 3.9 µm), human [16] . In addition to fiber diameter, our novel biaxial aligned scaffolds also demonstrated that the orientation of fibers could strongly control the direction or neurites outgrowth from human iPSCs. When the neural progenitor cells derived from human iPSCs were seeded on the biaxial aligned scaffolds, the cells drastically aligned and elongated along the direction of the microstructure. In terms of nanoscale topography, aligned electrospun nanofiber scaffolds have previously shown to guide the neurite outgrowth from mouse ESCs and iPSCs when seeded on such scaffolds [20, 28] . Mahairaki et al. have showed that the human ESC-derived neural precursors cultured on aligned micro-and nanofibers had shown a higher rate of neuronal differentiation than other random micro and nanofibers [26] . We have previously shown that interaction with the physical cues influenced cell behaviour as aligned topographies directed the outgrowth of neurons from mouse iPSCs [28] . To gain further insight in how these microscales cues are influencing differentiation, flow cytometry should be also used to quantify the presence of all the differentiated neural phenotypes on our current scaffolds.
Neural progenitor cells derived from human iPSCs cultured on biaxial aligned microfiber scaffolds demonstrated the longest degree of neurite outgrowth (~573µm) compared to those seeded onto other scaffolds. Outgrowth of human iPSCs-derived neurons has been demonstrated 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   18 to be strongly directed by physical cues including the orientation of fibers along with the size of the fibers. Although, our present study showed that the biaxial aligned microfiber scaffolds could enhance the differentiation of cells into neurons, the maximum neurite outgrowth (~573µm) is still smaller than previous findings for the maximum neurite length (~1600 µm) which were reported for mouse ESCs seeded onto aligned nanofibers [20] . This could be due to the fact that mouse cultures were incubated for longer time (8 days for embryoid body formation followed by 14 days of culture) compared to our human cultures (5 days for aggregate formation followed by 12 days of culture). On the other hand, studies on nanofiber scaffolds fabricated using solution electrospinning have been limited to only randomly-oriented and aligned topographies with very low degree of repeatability and controllability, making it hard to produce other topographies such as biaxial aligned scaffolds, loop mesh and other possible designs. However, decreasing the fiber diameter to nanoscale might be possible by tuning the melt electrospinning parameters, allowing fabrication of biaxial aligned nanofiber scaffolds to further promote the maximum neurite length of seeded neural progenitor cells derived from human iPSCs.
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